Background Clinicians typically rely on neuropsychological and balance tests to track concussion recovery. The aforementioned tests imply impairments that are based on performance, but these tests do not directly measure brain physiology throughout concussion recovery. Because of these issues, an objective biomarker that can index severity and the recovery timeline is needed. Moreover, the number of concussions occurring at a recreational level requires the biomarker to be easily administered in a cost effective manner, and the results easily interpreted. Methods To address these issues, near-infrared spectroscopy was used to assess the relative changes in oxy (HbO 2 )-and deoxyhaemoglobin and the associated standard deviations (SD) in the prefrontal cortex. Resting haemoglobin, and haemoglobin changes in response to hypercapnia (five repeated 20s breath holds), was measured in all participants. Data were aggregated into healthy baselines (n = 115), and concussed participants on days 1-3 (n = 14), 4-6 (n = 8), and 7-14 (n = 11). The data were statistically compared using a 1 9 4 ANOVA. Results Resting HbO 2 values progressively lowered from days 1-3 to 7-14 (with no differences compared to controls). The second major finding showed that hypercapnic HbO 2 SD was significantly lower than resting values on days 1-3 and 4-6, but reversed back towards the healthy control group on day 7-14. Conclusion Monitoring cerebral oxygenation changes is a viable biomarker to assess the physiological state of the brain following concussion.
Introduction
Currently, there is no objective biomarker to diagnose concussion, and thus, concussion is a medical diagnosis based on subjective symptoms and observations. However, neuropsychological tests, such as the ImPACT, have had little success in assessing the state of concussion recovery, as the reliability change indices persistently have large confidence intervals, which limits clinical utility (Randolph et al., 2005; Schatz & Ferris, 2013) . Indeed, recent studies show that the test-retest reliability of the ImPACT assessment, and the environment in which the ImPACT test is taken, can indicate cognitive impairments in healthy participants, that is a false positive (Schatz et al., 2006; Broglio et al., 2007; Resch et al., 2013a,b,c; Schatz & Ferris, 2013) . This is further compounded by athletes who consciously try to lower their baseline ImPACT test score, with some athletes being successful (Erdal, 2012) . It is also noted that the Zurich Consensus on Concussion in Sport (McCrory et al., 2009) indicates that 'cognitive recovery largely overlaps with symptom recovery, [but,] it has been demonstrated that cognitive recovery may occasionally precede or more commonly follow clinical symptom resolution' (McCrory et al., 2009, p. 38) .
The above statement indicates an inability of the ImPACT test to consistently align healthy asymptomatic patients with no cognitive impairments (and vice versa) and suggests that the ImPACT test results likely must be considered in terms of physiological impairments (Talavage et al., 2010; Fox, 2011; Iverson et al., 2012; Kontos et al., 2014; Bigler, 2015) . Moreover, there are other concussion management practices which rely on balance testing pre-and post-injury (Guskiewicz, 2011) . Once again, the reliability of these balance tests show that performance-based measurements without objectivity and physiological context are unreliable (Susco et al., 2004; Wilkins et al., 2004; Onate et al., 2007; Finnoff et al., 2009; Hunt et al., 2009; Starling et al., 2015; Buckley et al., 2016) , and provide limited practical value.
Having stated the above issues, it is also worth noting that physiological tracking of concussion recovery is not without issues. There have been previous functional magnetic resonance imaging (fMRI) projects which have demonstrated altered connectivity in the default mode network upon symptom resolution at rest and after exercise Zhang et al., 2012) . What has yet to be determined from these studies is the risk that is taken by returning to sport (or school) to early when such dysfunction exists. It is thus imperative to develop objective, robust biomarkers that can index nervous system dysfunction, and better facilitate concussion management. Ideally, these biomarkers would be difficult for participants to consciously alter intentionally, would have high inter-and intraclass correlations, and these biomarkers would be easy for civilians to interpret.
To solve this concussion biomarker issue, some brain injury researchers have examined the frontal lobe's contribution to medullary function, which includes understanding how a loss of brain function exerts its effect on healthy variance of other physiological systems (Lang et al., 2003; Zweifel et al., 2008 Zweifel et al., , 2010 Ryan et al., 2011; Thayer et al., 2012; Len et al., 2013; Kontos et al., 2014; Blake et al., 2015; Urban et al., 2015; Bishop et al., 2017) . This is because the frontal lobe can alter both the medulla's capacity to monitor the unconscious processes (such as cardiorespiratory status), and conscious processes such as reaction time and word recall (Goodale & Milner, 1992; Lovallo, 2005; Sakagami et al., 2006; Taylor et al., 2010) . Moreover, the medulla is known to be affected when a brain injury of any severity occurs (as indicated by the presence of unconsciousness) (Gaetz, 2004; Ommaya & Gennarelli, 1974; Shaw, 2002; Bishop & Neary, 2015) .
The cardiorespiratory centres in the medulla (or in a brain region) initiate a vasodilator response to an increase in metabolism which increases cerebral blood flow. This healthy response has been measured using fMRI (MacIntosh et al., 2003; Fabiani et al., 2014) , transcranial Doppler (TCD) ultrasound (Vernieri et al., 2004) and with near-infrared spectroscopy (NIRS) (Molinari et al., 2006; Lee et al., 2009; Fabiani et al., 2014) . All of these different cerebrovascular measures have shown that concussions alter these vasodilator processes and measures (Len et al., 2011 (Len et al., , 2013 Slobounov et al., 2011 Slobounov et al., , 2012 Kontos et al., 2014; Meier et al., 2015; Urban et al., 2015) .
To date, TCD and fMRI have been used more frequently to assess the physiological status of concussions and traumatic brain injuries (TBIs) (Czosnyka et al., 2001; Critchley et al., 2003; Zweifel et al., 2008 Zweifel et al., , 2010 Brady et al., 2009; Len et al., 2011 Len et al., , 2013 Johnson et al., 2012; Slobounov et al., 2012; Meier et al., 2015; Militana et al., 2015) . However, more recently, NIRS has been used as a non-invasive, relative measure of cerebral oxy-and deoxyhaemoglobin (HHb) concentration following concussion (Kontos et al., 2014; Urban et al., 2015) .
To the author's knowledge, only two publications have focused on relative cerebral oxy-and HHb measures in humans (Kontos et al., 2014; Urban et al., 2015) . Briefly, the first haemoglobin-concussion publication utilized functional NIRS (fNIRS) to measure relative haemoglobin changes in the frontal lobe and assessed the coupling of cortical activity to metabolite delivery during the ImPACT test. In general, the results showed that concussed participants, (who were still exhibiting symptoms 15-45 days post-injury), had less changes in oxyhaemoglobin (HbO 2 ) during the ImPACT test and performed worse on the test outcomes when compared to controls (Kontos et al., 2014) .
The second study assessed the coherence of the fNIRS signal across (and within) the motor cortex of patients who suffered a concussion. These patients experienced postconcussive symptoms ranging from 31 to 473 days after injury. This postconcussive group revealed decreased intra-and interhemispheric oxyhaemoglobin and total haemoglobin coherence values during a simple finger tapping task when compared to healthy controls (Urban et al., 2015) . It is also noted that the participants in this study (Urban et al., 2015) , whom were experiencing symptoms 731 days postinjury, do not actually qualify as concussed individuals, as the literature has indicated that any concussion in which symptoms last longer than 90 days is considered to be a case of postconcussion syndrome (King, 2003; Willer & Leddy, 2006; Dean et al., 2012; Jotwani and Harmon, 2010) .
Having identified only two publications which focus on relative haemoglobin changes after concussion, this project sought to add to that body of knowledge using a cross-sectional research design. The focus of this research was to determine whether the relative changes in cerebral haemoglobin can serve as an objective physiological measure to assess concussion. We used an established hypercapnic paradigm (Len et al., 2011 (Len et al., , 2013 to measure post-injury changes and this project addressed the following outcomes and hypotheses:
Outcome 1) To investigate potential relative changes in prefrontal cortex oxyhaemoglobin (HbO 2 ) and HHb concentrations following a sport concussion during rest. It was hypothesized that resting postconcussion HHb would be higher, and resting postconcussion HbO 2 lower, when compared to resting healthy control values.
Outcome 2) No projects could be found that pair relative prefrontal cortex haemoglobin concentration changes during breath-hold-induced hypercapnia, with the intent to assess concussion recovery. In using the previously mentioned paradigm to assess injury, the difference in relative haemoglobin concentration changes between rest, and peak hypercapnia was assessed using a within-and betweensubject design. The within-subject design compares rest and peak hypercapnia values in all participants. It was hypothesized that the within-subject design will not show significant results for rest versus peak hypercapnia after a concussion is sustained, but would reveal significant differences in healthy controls. When comparing between-subjects, it is hypothesized that HHb changes from rest to peak hypercapnia will be higher, and HbO 2 differences from rest to peak will be lower following concussion.
Outcome 3) Researchers have postulated that disease and/or injury suppresses the amount of healthy variance and randomness that is associated with physiological processes (Pincus, 1991; Thayer et al., 2012) . Thus, HHb and HbO 2 concentration change standard deviation (HHb SD and HbO 2 SD) were compared using a within-and betweensubject design. It was hypothesized that the haemoglobin SD changes between rest and peak hypercapnia (i.e. the between-subject condition) would be lower following injury, and would return to normal throughout recovery. It was also hypothesized that the within-subject comparisons would reveal no significant differences between rest and hypercapnia for concussed groups, but would reveal differences in healthy participants. Moreover, in relating back to hypothesis #1, the resting haemoglobin standard deviations measures were compared with a between-subject design to see if any resting changes in variance were occurring.
Experimental design Demographics
Participants (N = 148 total; healthy n = 115; days 1-3 n = 14; days 4-6 n = 8; days 7-14 n = 11) were recruited from the University of Regina Men's Hockey and Football Varsity teams, with additional subjects being recruited from Junior and Western Hockey League teams. The Junior team players can be drafted into the National Hockey League and/ or the American Hockey League. These participants were purposively selected as it has been documented that athletes who play these sports are more susceptible to sustain a concussion when compared to non-contact sports, across all game-hours and practice-hours (Goodman et al., 2001; Guerriero et al., 2012) . All participants were contacted through each team's medical staff. Additional injured participants were recruited from within the community and were athletes who are of similar fitness (as indicated by the league in which they play), with similar age, height and body mass. Athletes with previous concussions, but fully recovered and cleared to play at the time of baseline testing, were included in this study.
Participant familiarization
This project received ethics approval from the University of Regina Ethics Board (REB #55R1213). Upon entering the laboratory, each participant completed the written informed consent, as well as medical history, concussion history, pretesting activity questions and the 3rd Sport Concussion Assessment Tool (SCAT3) symptom scale. If the participant was a minor, the informed consent was signed by the athlete and a parent, or acting guardian, such as the team's Athletic Trainers and/or Physiotherapist. Using a medical professional is deemed appropriate in situations when elite athletes compete in provinces that are outside of their home province, or when the medical professionals typically see the athletes for which they are responsible multiple times a week (Harrison et al., 2004) .
Following written informed consent, participants filled out a medical history form and a concussion history form. The medical history form screened for the following: age, height and body mass, highest level of education, major family illnesses, early family mortality (<50 years), prescription and non-prescription medications, conditions currently being monitored by a physician, learning disabilities and previous drug abuse. Medical exclusion criteria may eliminate those who ingest mediations that alter cardiovascular physiology, those who smoke and/or those who have neurological (e.g. epilepsy, brain tumour), respiratory (e.g. asthma, chronic bronchitis) or cardiovascular (e.g. hyper/hypotension) medical conditions.
The concussion history form screened for the following aspects of each injury: the date of each previous concussion, the sport in which the injury was acquired, the age of the participant at the time of injury, if a hospital visit occurred, if consciousness was lost, how long a variety of symptoms (memory issues, headaches, dizziness, irritability) persisted following each concussion, and the time it took to fully return-to-play.
Following these history forms, a questionnaire was completed regarding the previous 24 h of activity that led up to the testing period. These questions include alcohol intake, caffeine ingestion, tobacco usage, exercise participation and any other activities that could potentially compromise the outcomes of the procedure. All participants were informed to refrain from alcohol and tobacco products at minimum 12 h before visiting the Concussion Testing Laboratory, although 24 h was preferred. Participants were also asked to avoid strenuous physical activity 8 h prior to visiting and to avoid caffeinated beverages 6 h prior to visiting (Wishart et al., 2006; Kennedy & Haskell, 2011; ) . A last request was that those athletes who ingest Tylenol or Advil, refrain from doing so for 6 h prior to testing (Wishart et al., 2006) . Participants who did not abide by these pre-screening conditions were excluded from analysis.
Finally, the SCAT3 symptom scale was used to assess how the participant was feeling at time of testing, and is a valid measure of concussion symptomology (Eckner & Kutcher, 2010) . This metric uses a Likert scale for various concussionrelated symptoms and is still used on updated editions of the SCAT (Aubry et al., 2002; McCrory et al., 2009 ).
Equipment
The NIRS device (PortaLite, Artinis Medical Systems, Elst, the Netherlands) consisted of six light emitting diodes (three pair of LEDs) and one receiver. The LEDs use continuous wave outputs and was sampled at 10 Hz. The LED set-up is as follows: pair 1 (760 and 843 nm) is located 30 mm from the receiver, pair 2 (761 and 845 nm) is 35 mm from the receiver, and pair 3 (762 and 848 nm) is 40 mm from the receiver. The LEDs and receiver were covered by a black cloth so as not to contaminate the recording with external infrared light. Both the device and cloth were held in place by an adjustable headpiece. External infrared light was indirectly monitored by the quality control factor (QCF). The differential path length factor was calculated from an age-based equation described elsewhere (Duncan et al., 1994) . The receiverend of the device was placed above the medial aspect of the right supraorbital process, approximately 1 cm above the eyebrow, with the LED transmitters being on the lateral side of this ridge. This location was chosen as it avoids the sinus, can be easily reproduced and is in a location of poor skin blood flow (Molinari et al., 2006) . Neuroanatomically, this region represents approximately the border between the ventromedial and ventrolateral prefrontal cortex.
Procedure

Baseline protocol
Once the equipment was calibrated and placed on the participant, verbal instructions regarding the order of the experiment were given. As seen in Fig. 1 , the experiment began with 5 min of spontaneous resting data (eyes open), with minutes 6-10 consisting of five hypercapnic challenges (breath holds, BH). The beginning of each minute starts with a 20-s breath hold, followed by 40 s of normal breathing and repeated five consecutive times (Len et al., 2013) . Participants were instructed to not use a Valsalva manoeuvre. Once the fifth hypercapnic challenge was completed, the experiment session was over.
Sports concussion protocol
Athletes who sustained a concussion were diagnosed by personnel who are either student athletic trainers, Canadian Certified Athletic Trainers, Physical Therapists or Medical Doctors. Following injury, participants visited the laboratory at a time of their convenience, to have their cerebrovascular physiology and SCAT3 symptoms measured (via baseline protocol). One of the main contributors to having participants enter the study at their convenience was due to logistical challenges that are present when working with elite hockey players. Specifically, these elite players have demanding road schedules, and thus, it was not uncommon for some concussions to occur on the first away game, but the team might not return to their home city for another four or five nights (with the player entering the laboratory on day 5 or 6). Moreover, it is also worth noting that there are no consensus guidelines which state that a concussed individual should attempt to be examined within discrete time periods. To combat these issues, a cross-sectional study designed was employed, where each visit was categorized into days post-injury, and was compared to a healthy control group.
Data processing
Within the NIRS software package are tools used for marking events, and biasing (otherwise known as zeroing) the chromophore concentration, so that any data point can be used as the reference value for the relative micromolar (lM) concentration changes. For each participant, the chromophore bias was placed at the event marker which indicated the onset of the 5 min of rest. All data were then exported (Microsoft Excel; Microsoft Office Home, Redmond, WA, USA) from the acquisition software at 10 Hz, as relative changes in oxy-and HHb concentrations. The NIRS QCF was then inspected to ensure the value did not fall below 0Á98, as this indicates that extraneous light had contaminated the recording. If the QCF was below 0Á98, the data associated with these time series were eliminated to ensure quality data. All other background noise not associated with the QCF was manually removed.
Because there were five consecutive breath-hold cycles that were a minute in length, each of the 5 9 1 min cycles (after Assessing prefrontal cortex oxygenation, S. A. Bishop and J. P. Nearyremoving the background noise), was averaged together on a second-by-second basis. In essence, the 1st ten data points, representing the 1st second (1s) of each of the five cycles (50 data points total), was averaged. Then, the second set of 50 data points, (representing 10 data points for each of the five cycles in the next second), was averaged. This continued until the 50 data points representing the 60th second, from each of the five cycles, was averaged. The same data analysis process was used on the resting data to generate an averaged 1-min resting cycle.
The averaging of 5 9 1 min cycles also accounts for the manual removal of background noise. For example, if 1s (10 data points) are removed, the gap of data will be accounted for by the average of the remaining 40 data points that are associated with the other four cycles. Furthermore, if the removal of background noise resulted in time points which could not be accounted for by the average of the remaining cycles of data then a 0Á5 Hz low-frequency filter was applied to the original data (Steiner et al., 2009; Kainerstorfer et al., 2015) . These filtered data were then re-exported and re-processed. Of all healthy participants (n = 115), 23 participants (20Á0%) had their data filtered and reanalysed. In days 1-3 post-injury (n = 14), three people (21Á4%) had their data filtered, with days 4-6 (n = 8), and days 7-14 (n = 11) having one participant's data were filtered per category (12Á5% and 9Á1%, respectively).
Once the averaged 1-min cycles for HHb and HbO 2 were created for resting and hypercapnia challenges, a similar process was used for creating a 1-min standard deviation (SD) cycle for rest and hypercapnia. To clarify, using data that were free of background noise, a second-by-second 1-min SD cycle was created by taking the SD of 50 data points representing 1s for minutes 1-5, then the SD of the next 50 data points represent 2s for minutes 1-5, all the way through to the SD of the 60th second of minutes 1-5.
Once the average 1-min hypercapnia cycle for each participant was constructed, all of the eligible participant's 1-min averaged hypercapnia cycles were averaged together into one grand 1-min cycle. This grand cycle was graphed so that the peak hypercapnia change could be identified. The peak change time segment identified was from seconds 26-31. This 26-31s time segment was then used for each participant, where the average relative haemoglobin concentration changes, (and standard deviations), were averaged. For rest, the 1-min averaged cycle for each participant was condensed into a single average for concentration changes and standard deviations. The resting and hypercapnia metrics were then used to assess changes in haemoglobin concentrations and standard deviations where peak hypercapnia was subtracted from resting averages.
Lastly, the SCAT3 symptom inventory was used to create total symptoms, and symptom severity, for each participant. All concussion-NIRS data were aggregated into days 1-3 (D1-D3), 4-6 (D4-D6) and 7-14 (D7-D14), and used the same methods for data analysis as previously stated.
Statistical analysis
One of the outcomes of this project was to investigate the resting changes in HbO 2 , HHb and their associated standard deviations following a sport concussion. Thus, four different between-subject, 1 9 4 unweighted quadratic ANOVAs were used to assess the 1-min averaged cycle, and 1-min SD cycle, for resting HbO 2 and HHb (PASW V.21, Chicago, IL, USA). Unweighted quadratic ANOVAs were used because recovery from injury does not always follow a linear path, and the typical dose-response nature that can be applied to quadratic ANOVAs was not known (Field, 2009; Meier et al., 2015) . These ANOVAs used the Welch test for unequal variance, and if positive, was paired with the Games-Howell post hoc test. To combat unequal sample sizes (with negative Welch tests), the Hochberg post hoc test was used (Field, 2009) .
Two other outcomes from this project were aimed at evaluating the differences in relative concentration changes (and standard deviations) between rest and peak hypercapnia. These changes were assessed using a between-and within-subject design. In comparing between-subjects, four separate 1 9 4 quadratic, unweighted ANOVAs were used to analyse hypercapnia changes for both HbO 2 and HHb concentrations, as well as their respective SD values (Field, 2009 ). These ANOVAs were paired with the Welch test for unequal variance, and either the Games-Howell post hoc test for Welch-positive ANOVAs or the Hochberg post hoc test for Welch-negative unequal sample size ANOVAs (Field, 2009 ). For the withinsubject design, all participants had peak hypercapnia concentrations and SDs compared to rest, using Student's t-test.
The demographic information (age, height, body mass), and both the total symptoms and symptom severity, was also assessed using a 1 9 4 ANOVA, with the previously stated statistical criteria. Lastly, the alpha level for significant differences was set at P<0Á05.
Results
Demographics
Of the 14 participants who arrived in the laboratory within D1-D3, three of these participants were measured within 24 h, six individuals were measured within 48 h, and five were measured within 72 h. Within D4-D6, three participants were measured on day 4, four participants were measured on day 5, and one participant was measured on day 6. Within days 7-14, three participants were measured on day 7, two were measured on day 8, one individual was measured on day 9, two were measured on day 10, one was measured on day 12, one was measured on day 13, and one measurement on day 14. As seen in Table 1 , there were no statistically significant differences between groups for age, height or body mass between control and concussion participants. There was a significant ANOVA (F 1,144 = 50Á80, P<0Á001) for symptom severity, with a significant increase in symptom severity when comparing healthy controls (n = 115, 2Á56 AE 4Á13) to D1-D3 (n = 14, 28Á07 AE 22Á56, P<0Á01). Moreover, a general trend of declining symptom severity exists throughout recovery, but this was not statistically significant. For number of symptoms, a significant ANOVA was also found (F 1,144 = 58Á99, P<0Á001), with group differences also found when comparing healthy controls (n = 115, 1Á68 AE 2Á15), to D1-D3 (n = 14, 11Á5 AE 5Á56, P<0Á001), D4-D6 (n = 8, 11Á75 AE 7Á44, P<0Á05) and D7-D14 (n = 11, 7Á82 AE 4Á96, P<0Á01).
Resting NIRS concentrations and standard deviations
There was a significant ANOVA for resting HbO 2 concentrations (F 1,144 = 19Á29, P<0Á01), with D7-D14 (n = 11, À0Á44 AE 1Á64 lmol) being significantly lower than D1-D3 (n = 14, 1Á22 AE 1Á40 lmol, P<0Á05). Moreover, D7-D14 was also significantly lower than D4-D6 (n = 8, 1Á56 AE 1Á91 lmol, P<0Á05). There were no significant differences for any other concentration, or concentration SD. See Table 2 for all resting variables and respective significant findings, and Fig. 2 -Left Panel for a representation of the resting HbO 2 differences.
Rest to peak hypercapnia concentration and standard deviation change -between-subject analysis
There were no significant differences when comparing the changes in HbO 2 or HHb concentration from rest to peak breath hold (See Table 3 and see illustration of rest and breath-hold averages in Fig. 3) . However, as reported in Table 3 and illustrated in Fig. 2 -Right Panel, the ANOVA for change in HbO 2 SD from rest to peak hypercapnia was significant (F 1,144 = 10Á54, P<0Á001). The HbO 2 SD was significantly different when comparing the control's HbO 2 SD change (n = 115, 0Á13 AE 0Á54 lmol) to that of D1-D3 (n = 14, À0Á15 AE 0Á28 lmol, P<0Á05) and D4-D6 (n = 8, À0Á42 AE 0Á43 lmol, P<0Á05). It is also documented that the HbO 2 SD during peak hypercapnia (seconds 26-31) decreases for D1-D3 and D4-D6, but is increased for controls and D7-D14. This indicates that the HbO 2 SD for D1-D3 and D4-D6 are lower than their resting levels, and vice versa for controls and D7-D14.
Rest to peak hypercapnia Hb concentration and standard deviation change -within-subject analysis As a reminder, this section had each group's peak hypercapnia haemoglobin concentrations (and standard deviations), compared to their own resting values. The results from these resting versus hypercapnic comparisons can be seen in Table 4 .
Beginning with healthy controls, the small HHb concentration decrease during peak BH (compared to rest) was not significantly different. However, the HHb SD changes were significantly different, with peak hypercapnia showing an increase in HHb SD compared to rest. The t-test for control participant's HbO 2 concentration change was significantly different (P<0Á05), indicating peak hypercapnia is statistically higher than rest. Moreover, HbO 2 SD also had a significant ttest (P<0Á01), indicating that healthy HbO 2 SD during peak 
7Á82 AE 4Á96 Significant differences are identified by '*' and the corresponding letters (e.g. *a-b = significant difference between 'a' and 'b' participant categories at P<0Á05). D1-D3 = 'day 1-day 3 post-injury', D4-D6 = 'day 4-day 6 post-injury', D7-D14 = 'day 7-day 14 post-injury'.
hypercapnia is statistically higher than resting SD values, which is similar to the HHb SD comparison. For D1-D3, the HHb concentration was not significantly different when comparing peak hypercapnia to rest. Moreover, the D1-D3 HHb SD during hypercapnia was lower than rest, but was not significantly different. Regarding D1-D3 HbO 2 concentration, peak hypercapnia was significantly higher than rest (P<0Á000). The HbO 2 SD comparison of hypercapnia to rest for D1-D3 was not significantly different. This was opposite of healthy controls, who showed that HbO 2 SD variance increased statistically during hypercapnia.
For D4-D6, HHb concentrations were not significantly different when comparing peak hypercapnia to rest. Unlike healthy controls, the HHb SD during hypercapnia was not significantly different from rest. The D4-D6 HbO 2 concentrations for peak hypercapnia versus rest revealed peak hypercapnia to be significantly different from rest (P<0Á05). Similar to D1-D3, the HbO 2 SD for D4-D6 was lower than rest and reached statistical significance (P<0Á05). Again, this SD trend was opposite of healthy controls who showed an increased variance statistically during hypercapnia. The D7-D14 period revealed that HbO 2 SD during hypercapnia was not statistically 
0Á58 AE 0Á40 Significant differences are identified by '*' and the corresponding letters (e.g. *a-b = significant difference between 'a' and 'b' participant categories at P<0Á05). D1-D3 = 'day 1-day 3 post-injury', D4-D6 = 'day 4-day 6 post-injury', D7-D14 = 'day 7-day 14 post-injury'.
Figure 2
Left: Averaged relative change in micromolar oxyhaemoglobin concentrations (HbO 2 lmol) and the associated standard deviations. Significant differences (*) were found between day 7-14 versus day 1-3, and day 4-6 (P<0Á05). Right: Average oxyhaemoglobin standard deviation changes (HbO 2 SD -AElmol) from averaged rest to averaged breath-hold-induced peak hypercapnia (hypercapnia averaged from 26 to 31s). Error bars are the associated standard deviations. Significant differences (*) were found between controls versus day 1-3, and controls versus day 4-6 (P<0Á05).
significant (which is similar to healthy participants). Moreover, the HbO 2 concentrations during hypercapnia were still greater than rest (P<0Á01). Lastly, although the hypercapnia HHb SD was higher than rest, it was not significantly different, nor were the HHb concentration differences for hypercapnia versus rest. 
1Á67 AE 1Á73 Averaged relative HbO 2 SD (AE lmol) 'rest to peak hypercapnia change'
0Á25 AE 0Á80 Averaged relative deoxyhaemoglobin (HHb) (lmol) 'rest to peak hypercapnia change'
0Á0074 AE 0Á15 Averaged relative HHb SD (AElmol 'rest to peak hypercapnia change')
0Á0074 AE 0Á15 Significant differences are identified by '*' and the corresponding letters (e.g. *a-b = significant difference between 'a' and 'b' participant categories at P<0Á05). D1-D3 = 'day 1-day 3 post-injury', D4-D6 = 'day 4-day 6 post-injury', D7-D14 = 'day 7-day 14 post-injury'. 
Discussion
This cross-sectional study examined the relative changes in prefrontal cortex haemoglobin concentration postconcussion (and the relative haemoglobin concentration SDs) during rest, and during breath-hold-induced hypercapnia. While the current study is not the first to monitor postconcussion cerebrovascular physiology with NIRS or other devices (e.g. fMRI, TCD), to the best of our knowledge, this is the first NIRS study to compare preseason baseline data with post-injury data in the days immediately following concussion and during the 2 week recovery period. When the above-stated results are integrated, the most consistent finding was that healthy physiological variance was reduced after a mild brain injury (Table 3 and Table 4 ). A second integrated finding was that the breath-hold-induced hypercapnia protocol likely represents hyperaemia (i.e. a global chemodetection response generated in the medulla), and not a regional matching of blood flow to metabolic demands. This is evidenced by the lack of within-subject HHb findings, which were complimented by significant within-subject HbO 2 increases during hypercapnia versus rest (Table 4) . Another major finding was that resting HbO 2 in D1-D3 and D4-D6 were significantly >D7-D14; but none of these values were different compared to controls (Table 2 and Fig. 2 -Right Panel). Lastly, it was noted that the changes in haemoglobin concentration from rest to peak hypercapnia were not significantly different when comparing between groups. Hence, the null hypothesis for hypercapnic changes in haemoglobin for withinand between-subject analysis is accepted.
To compare these findings to previous research, it is first noted that no other NIRS project has aggregated haemoglobin concentrations into discrete days post-injury and then compared these values to healthy controls (Kontos et al., 2014; Urban et al., 2015) . Furthermore, previous NIRS-concussion projects have relied on comparing regional changes in haemoglobin that were induced by motor learning physiology (Kontos et al., 2014; Urban et al., 2015) . In comparison, this project does not use a neurocognitive test to evoke cortical blood flow and oxygenation changes. Instead, this project relied on a build up of global CO 2 from the breath-hold challenge. Based on the within-subject HHb and HbO 2 results, this CO 2 build up likely results in an increase in flow that was not generated by a cortical increase in metabolic demand. Increases in cerebral blood flow velocity have been documented previously using transcranial Doppler following a hypercapnic challenge following concussion (Len et al., 2011 (Len et al., , 2013 .
The closest study to compare the resting postinjury changes in haemoglobin concentration is a fMRI blood oxygen level dependent (BOLD) study which measured healthy versus concussed participants at 0-3, 6-13 and 25-44 days post-injury (Meier et al., 2015) . The link between this fMRI study and the current results are that both projects showed no differences in resting cerebral hemodynamics when comparing concussed to controls. Rather, significant differences in the fMRI study and the current study were only found when comparing acute injury timelines to a prolonged recovery timeline of approximately 1 month (Meier et al., 2015) . A similar statistical significance pattern of acute versus prolonged recovery was also observed using a transcranial Doppler study that monitored concussion recovery, although this pattern was observed during breath-hold-induced hypercapnia (Len et al., 2013) .
To further complicate matters, the Meier et al. (2015) fMRI study reported lower oxygen values in the acute phase of recovery, which increased over time. However, the current project reported increased HbO 2 in the acute phase of injury, which was lowered over time. While these two different 
Significant differences are identified by '*' at P<0Á05. D1-D3 = 'day 1-day 3 post-injury', D4-D6 = 'day 4-day 6 post-injury', D7-D14 = 'day 7 -day 14 post-injury'.
measures of cerebral oxygenation typically correlate reasonably well under healthy flow-metabolite coupling circumstances (Huppert et al., 2006; Cui et al., 2014; Fabiani et al., 2014) , it is clear that these results will require additional prospective studies. It is also noted that the increases in fMRI-BOLD versus the decreases in haemoglobin concentration may be due to the fact that fMRI-BOLD measures oxygen volume in a determined space (in microlitres), whereas NIRS measures the absorbance of infrared light and calculates the relative change in concentration (lmol) at the level of the capillaries, venules and arterioles of the microcirculation (Ferrari & Quaresima, 2012) . Moreover, the fMRI-BOLD findings were measured in slightly more subcortical areas (the dorsal midinsular cortex and the superior temporal sulcus) (Meier et al., 2015) , whereas the current study only measured the right prefrontal cortex. The current hypercapnia change and standard deviation results are difficult to compare to the previously mentioned NIRS and transcranial Doppler studies. These previous projects either focused on neurocognitive testing (Len et al., 2013; Kontos et al., 2014; Meier et al., 2015) , or a 20s breath-hold paradigm (Len et al., 2013; Kontos et al., 2014; Meier et al., 2015) using different cerebrovascular measurement techniques. Because the current project found no statistically significant changes in HbO 2 and HHb for rest to peak hypercapnia between group comparisons, only speculations can be made. The first speculation is that global chemodetection to track concussion recovery may be better suited to scientific tools that can measure large regions of hemodynamic function (such as transcranial Doppler and fMRI) (Len et al., 2013; Mutch et al., 2014) . Naturally, this is a limiting factor of the present study, as a single receiverby-3 pair LED was chosen as the NIRS device. Thus, it is possible that measuring a larger cortical region of the brain with fNIRS may have generated significant hypercapnia results following injury. Alternatively, the lack of significant findings could also be due to the low concussion sample size, which we acknowledge as a limitation in the present study. Moreover, another speculation which builds off the premise of measuring a larger brain region is that NIRS measurements may better capture impairment when a cognitive task is employed.
The last result of interest was the loss of haemoglobin concentration SD, which occurred when acutely concussed participants initiated a breath hold. The HHb within-subject results displayed a loss of statistically higher HHb SD after concussion, whereas D1-D3 and D4-D6 HbO 2 SD during hypercapnia was lower than resting values and statistically was different when compared to healthy controls. These haemoglobin SD results reinforce previous healthy variance research (that has utilized various measurement tools, under various physiological impairments), to show that variance in a given system is lost when one part of the system (or subsystem) no longer functions within a healthy range (Pincus, 1991; Coveney, 2003; Costa et al., 2005; Papaioannou et al., 2008; Cerutti et al., 2009; La Fountaine et al., 2009; Thayer et al., 2012; Bishop & Neary, 2015; Bishop et al., 2017) .
In terms of human-based pathophysiology, the current study is another clue in the complex dysregulation of neuronal metabolism and microvascular function, as evidence exists to support the pathophysiology of concussion (Len & Neary, 2010) . Neuronal metabolism has been hindered by high calcium sequestering in the cytoplasm, in the endoplasmic reticulum, and the mitochondria itself. A number of studies have illustrated this effect using an animal brain concussion model (Barkhoudarian et al., 2011; Bigler 2012) . Moreover, a similar animal study has shown that concussions can cause impaired microvascular diameter changes (Park et al., 2009) . If these animal studies do indeed crossover into human pathophysiology of concussion, one could plausibly state that both mechanisms may play a role in altering relative changes in oxyhaemoglobin at rest.
Another human pathophysiology clue that is rooted in calcium sequestering is that it is well documented that both the CO 2 -potassium relation and nitric oxide influences, can effect calcium's ability to induce vasoconstriction. This too could influence resting NIRS values. Moreover, these mechanisms can also be applied to healthy cerebrovascular variance, although the mechanisms by which healthy or dysregulated variance interact with cerebrovascular subsystems is not well understood (Moody et al., 2005; Panerai, 2009) .
Further still, it must be reminded that while high, prolonged, intracellular calcium does effect metabolism and blood flow; the dose-response relationships between severity and pathology are still questioned (Park et al., 2009; Barkhoudarian et al., 2011; Bigler & Maxwell, 2012) . Based on the previous findings which indicate perturbed physiology and a loss of variance, more measures of human cerebrovascular physiology and its' variance, are warranted.
One limitation of this study was the use of a cross-sectional retrospective experimental design. This was identified for a few reasons -first, a cross-sectional analysis does not provide the same level of physiological context about recovery that might be present if a prospective study could have been used. Second, a cross-sectional design does not allow for application of this project's recovery trends for oxyhaemoglobin concentration and its variances, to a single patient in a clinical setting. And third, the present study, in addition to the other NIRS-concussion literature (Kontos et al., 2014; Urban et al., 2015) , all have such unique methodologies and procedures, that it hinders the ability to draw a broader conclusion about the use of NIRS with concussion. Said differently, a hallmark of science is independent reproduction of an experiment, where one must be able to come to a similar outcome. Currently, each respective NIRS study has followed this principle when comparing NIRS to other cerebrovascular measures postconcussion (Len et al., 2013; Meier et al., 2015) , but has yet to do so for similar NIRS projects. Having stated the need for more NIRS-concussion studies with similar methods and procedures, it is thus implied that the results reported in this study (changes in resting haemoglobin concentration, and changes in haemoglobin concentration variance), must be independently reproduced.
Conclusion
This project demonstrated that non-invasive prefrontal cortex haemoglobin concentrations hold potential for monitoring sport concussion recovery, particularly based on resting haemoglobin (HbO 2 and HHb) changes and its variance or standard deviation (SD). Thus, it is recommended that future NIRS-concussion projects better attempt to serially monitor injury, measure a larger area of cortical activity to examine functional connectivity between regions (i.e. right and left sides), and continue to measure haemoglobin standard deviations.
